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I. INTRODUCTION

The discharge lamp is a critical component of the rubidium (Rb) gas cell

atomic frequency standard (clock) and other optically pumped devices. The

conventional lamp used in devices such as the gas cell atomic clock is of the

type described by Bell, Bloom and Lynch1 and Brewer2 consisting of a glass

envelope containing a charge of the appropriate metal, e.g., Rb, and a buffer

gas under a pressure of a few Torr. The lamp is usually ignited by an rf coil

that surrounds the glass envelope. The spectral emission properties of the

lamp have long been recognized as extremely important in the operation of the

optically pumped devices, and have been thoroughly studied.3 - 7 On the other

hand, with one notable exception,5 almost no consideration appears to have

been given to the life-limiting factors and hence the reliability of this type

of lamp. This situation changed drastically in early 1979, however, because

of lamp failures in some of the Rb clocks aboard the satellites8 of the

NAVSTAR Global Positioning System (GPS). As a result of these lamp failures,

an effort was begun to develop a long-lived sapphire Rb lamp. 9  At about the

same time, an extensive investigation10 of the failure mechanisms of glass

lamps was initiated. This latter investigation identified the primary failure

mechanism of the low-power, electrodeless Rb discharge lamp to be the diffu-

sion of Rb atoms into the glass envelope of the lamp. The rate at which the

atoms diffuse into the glass then controls the life of the lamp- We report

studies that have been concerned with Rb consumption in discharge lamps, their

objectives being to quantify various aspects of lamp life and lamp reliabil-

Ity. Based on these studies, estimates have been made of the dependence of

lamp life on parameters such as initial Rb content, lamp size, lamp operating

temperature, rf drive power, and the glass type used to construct the enve-

lope. The parameterization of lamp life that we present can be used to

estimate lamp and hence device reliability.

*oO
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In Section II of this report we review the effort to identify the primary

failure mechanism of the low-power Rb discharge lamp. The development of the

calorimetric technique to measure the elemental Rb content in a lamp is dis-

cussed in Section II; the analyses of Rb consumption measurements and Rb lamp

life tests are discussed in Section IV. The prospects for having an

accelerated lamp life test or quality control test are presented in Section
V. Although this report concerns only the Rb discharge lamp, it should be

pointed out that the results presented here apply also, in varying degrees, to

other electrodeless discharge lamps containing such elements as sodium (Na),

potassium (K), cesium (Cs), and mercury (Hg).

1.
................ **.*.'.. :.......
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II. LAMP FAILURE MECHANISM IDENTIFICATION

A typical electrodeless discharge lamp1 ' is displayed in Fig. 1.9  The

lamp consists of a glass envelope whose front we designate as the lamp face

and the opposite end as the tip-off region. Glasses that have been used for

the lamp envelope include Corning 7740 (Pyrex), Corning 1720, Schott 8436, and

Schott 8437. The glass envelope contains the metal charge along with a buffer

gas. The buffer gas provides a source of electrons to sustain the rf-induced

plasma and is required to limit the mean free path of the electrons. Typical

buffers presently used are either krypton (Kr) or xenon (Xe) at a pressure of

a few Torr. The excess metal charge is constrained by thermal gradients in

the tip-off region. The tip-off is formed when the lamp is "pulled" off the

vacuum manifold. The lamp envelope is mounted in a metal base with a thermal

potting material. The thermal potting material facilitates the transfer of

heat from the base, which is the point of temperature control, to the glass

envelope. The metal atoms in the vapor are due to the saturated vapor pres-

sure above the metal charge, which is determined by the temperature of the

metal, and thus good temperature control is essential for stable lamp opera-

tion. A plasma is sustained in the lamp by means of an rf field. Typically

the rf frequency is around 100 MHz a powers ranging from tenths to tens of

watts.

Several possible lamp failure mechanisms were investigated in response to

the failures of the Rb atomic clocks on board the GPS satellites.'0  These

mechanisms Included quenching of the excited Rb atoms; Rb reaction with impu-

rities; and the interaction of Rb with the glass. We briefly summarize the

results of that investigation.

A. QUENCHING OF EXCITED Rb ATOMS

The possible role of quenching in the failure of discharge lamps was

investigated by studying the spectral emission from both normal and failed

lamps. In the failed lamps only emission lines present in normal lamps were

observed. No emission lines from possibly outgassed materials that could

quench excited Rb atoms, such as hydrogen (H2 ), nitrogen (N2 ), or oxygen (02),

were detected. These results are consistent with the absence of quenching

species.

11 .'-

.... .. ".. *•*°*.*.

, o. . o . , ".i',• ', ,.. o Oo.. oO-o ,.' ., . . ° o.-.. . . . . . . .-... . . . .-. .-.. . . . . . . .- . . . . . ..". . . .-, O. o .,'- -- ." . o, * , .%o.
,'.',L'.':, '.'.'.'.'. '; -L ~~. . . . . ..". . . . . . . . . . . . . . . . . . . . . .' I" "" " "" 

"
" " -"

" "
"- -

" "
-" ' 

=
L L.L' .".



- .. :-.-.-

1.5 cm

-0.9 CM F

FACE

TIP-OFF REGION
POTTING MATERIAL

Figure 1. Typical Rb discharge lamp. Lamp consists of a glass envelope that
contains excess Rb metal and a buffer gas. An rf coil, not shown,
surrounds the exposed portion of the glass envelope and sustains a
plasma in the lamp. Figure after Ref. (9).
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B. Rb REACTION WITH IMPURITIES

Another postulated mechanism for the failure of the Rb lamp was the loss

of Rb by reaction with species outgassed from the envelope to form nonvolatile

rubidium oxide (Rb20). The most likely reactions are:

0 2Rb+H 2  Rb20 + H2  (1)

and

4Rb + 02 + 2Rb20 (2)

Experiments that tested for the presence of H2 in failed lamps proved that

reaction with H20 is not significant. Rf-induced emission spectra from a

series of standard lamps containing H2 and Xe were analyzed to obtain a detec-

tion limit of H2 in the presence of a Xe buffer. Comparisons of these spectra

with those of failed lamps indicated that the pressure of H2 in the failed

lamps was less than 1 Torr. Removal of H2 from the vapor by either the for-

mation of RbH or through permeation through the glass was also ruled out. The

loss of Rb through this mechanism was set at about 10 jg or less, which is

small compared with the normal charge in a lamp of between a hundred and a few

hundred micrograms. Based on the fact that reaction with H20 was not signifi-

cant, together with literature sources indicating that H20 should evolve from

the glass envelope much more readily than 02, it was argued that the second

reaction was also not important in the failure of the Rb lamp. However, as

will be discussed in Section III, there does seem to be a reaction of the Rb

with some impurity in the lamp consuming between 10 and 20 pg. Although this

amount of consumption is not significant in terms of the total charge of Rb,

we show that it must be taken into account to properly predict the Rb consump-

tion rate and hence the life of the lamp.

C. INTERACTION OF Rb WITH GLASS

To determine the disposition of Rb in lamps that had been in operation

for some period of time, various surface analysis techniques were used. Pre-

vious studies that considered the reaction of Na with glass employed tech-

niques such as absorption spectroscopy, magnified examination of the glass

13
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cross section, or wet chemical etching. These techniques were suitable for

studies concerned with Na-glass interactions because of the rate at which Na

and glass react. In contrast, the reaction of Rb with glass under conditions

similar to that found in discharge lamps is orders of magnitude slower than

that of Na. To extract physical information concerning the Rb-glass inter-

action, it was necessary to study the functional form of the Rb penetration

profile in the glass. Because of the extremely small amount of Rb that is

consumed, simply studying the bulk penetration depth, as is typically done

with Na, was found not to be adequate. To study the Rb penetration profile -

the following surface analysis techniques were used.

1. SECONDARY ION MASS SPECTROMETRY (SIMS) STUDIES

To obtain the highly accurate penetration profiles needed to analyze Rb

permeation of glass the technique of SIMS was applied to cross-sectional pieces

of Rb-exposed lamp walls. In the SIMS technique a 1.5-ia-diameter beam of

oxygen ions is aimed at the sample. Secondary ions sputtered from the surface

* are mass spectrometrically analyzed, allowing determination of elemental com-

positions. Lamp envelopes were broken and analysis performed along the frac-

* . ture so that profiles of the Rb penetration into the glass could be obtained

without the necessity of sputtering away large quantities of glass. Our tests

were performed on Rb lamps with envelopes constructed of various glasses and

operated under various conditions including heating with no lamp ignition.

Varying the lamp conditions allowed the sensitivity of particular parameters

. of lamp life to be tested.

Figure 2 shows raw SIMS profiles of silicon (Si) and Rb for a lamp

exposed to a plasma discharge. Zero micrometers is the inner surface of the

lamp wall. The gradual increase of Si and Rb concentrations near zero is due

to the finite width of the SIMS beam. Treating these data as simple one-

dimensional diffusion allows fitting them to the form
11

erfc X (3)
°CO
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in the glass and not related to the penetration mchans.

15



where X is the penetration depth, t is the exposure time, C0 is the Rb -

concentration at the wail, and D is the diffusion coefficient.

Experimental Rb data along with fit curves for lamps made of Pyrex glass

are shown in Fig. 3. The data displayed in Fig. 3a were obtained from a sam-

ple run under typical lamp conditions; the data in Fig. 3b were obtained from A

a sample run under similar conditions as that for Fig. 3a but in the absence

of an rf plasma. In both cases displayed in Fig. 3 the diffusion coefficient . -

is found to be approximately 3 x 10-14 cm2/s. This is in good agreement with

high-temperature diffusion coefficient data12 extrapolated into the low-

temperature regime (about 140C).

The SIMS Rb penetration profiles indicate that Rb has penetrated many

micrometers into the glass. This is particularly clear in Fig. 3b, whose

sample was exposed to Rb vapor for a longer period of time than that of

Fig. 3a. The depth of Rb penetration cannot be attributed to a smearing of

the true profile resulting from the finite width of the SIMS ion beam. This

beam, which is only approximately 1.5 tn in diameter, would smear a surface

layer to a depth of at most 2 o. In fact, in Fig. 3b the amount of Rb that

has diffused beyond 2 m is greater than the amount found in the surface

region.

2. ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS (ESCA) EXPERIMENTS

The chemical form of the Rb within the glass was investigated using

ESCA. In this method the surface of the sample is exposed to monochromatic

X rays and the photoejected electrons are energy-analyzed. The resulting core :

electron binding (ionization) energies are characteristic of both a given ele- "

ment and its chemical form.

Rb-exposed lamp walls were analyzed along with pure samples of rubidium

hydroxide (RbOH) and Rb20 as reference standards. The glass samples typically

had a yellow-brown discoloration as long as they were kept in dry atmospheres.

However, upon exposure to moist air they became colorless In a matter of sec-

onds. The rapidity of this change in discoloration indicates that Rb exists

in a colored form on a thin surface layer, probably less than 0.1 on thick.

The results of our ESCA studies suggest that this colored form is Rb20. From

16
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1.0

PYREX PLASMA No. 1
0.8 EXPOSURE TIME: 336 h
0.6 SIMS DATA BEST FIT DIFFUSION

COEFFICIENT 3 x 10-14 cm2/s
S= (aJ

0.4- BEST FIT CURVE

0.2.

0.0
0 10 20 30 40

PENETRATION DEPTH, micrometers

1.0-'-

0.8 ~ SIMS DATA PYREX NONPLASMA No. 10.8 - ::
*" EXPOSURE TIME: 6300 h

06,, BEST FIT DIFFUSION
COEFFICIENT 3 x 10-14 .,_/s

0.4- BEST FIT CURVE 2
0.2

0.0
0 20 40 60

PENETRATION DEPTH, micrometers

Figure 3. Experimental Rb penetration from SIMS analysis data (0) and fit
curve ( ) for Pyrex glass samples (a) with discharge present
and (b) without discharge.
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the SIMS data It was aeen that most of the Rb had diffused many micrometers

into the glass. While the surface layer is colored, our studies found that

the majority of the Rb is in the bulk glass in a colorless form, most likely

as Rb-silicate. The disappearance of the colored layer when the glass samples

* were exposed to the ambient environment is believed to be due to the conver- -

sion of Rb2O to RbOH in the presence of water vapor.

- Figure 4 is a diagram summarizing the results of our investigations into

*the Rb-glass Interaction. Near the inside surface of the lamp, Rb Is found in

the form of Rb2O, which gives the lamp its yellow-brown color after some

period of use. The amount of Rb2O is found to decrease with increasing dis-

*tance Into the glass. The total amount of Rb in this surface layer has been

determined to be small in term of the total Rb consumed in a lamp over many

years of operation. In the bulk glass Rb is found in a colorless form, most

* likely as a Rb-silicate. The penetration profiles of the Rb in the bulk glass

*have been found to fit quite well to a diffusion form. Based on these results

2 we have concluded that the primary failure mechanism for low-power Rb dis-

charge lamps is a diffusion of Rb into the glass walls. The amount of Rb that

is consumed over many years of operation is very small compared with the
*amount of glass In the lamp envelope, thus there is no saturation effect and

* the Rb consumption continues, for all practical considerations, forever.

18
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SURFACE

S PRODUCT I- -"GLASS ENVELOPE
S LAYER I

C-
Z-W Rb2 0

-, o,-I

CIDI

Rb-SILICATE

0 5 10 15 20 25 30
APPROXIMATE PENETRATION DEPTH INTO SAMPLE, nm

Figure 4. Rb-glass interaction. Rb atoms are found to react with oxygen
atoms near the glass surface and then diffuse into the glass as
Rb2O- Unreacted Rb atoms also diffuse in the glass and react to
form Rb-silicate.
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III. CALORIMETRIC DETERMINATION OF Rb CONSUMPTION

Simple diffusion In glass has been extensively studied.1 3 In principle,

one should be able to use the diffusion law to predict the amount of Rb con-

sumed in a specified length of time or, conversely, to determine the lamp fill S

requirement for a desired lamp life. In simple diffusion the total mass of

the material consumed, M, penetrating the glass as a function of time, is

given by Eq. (4):

M -2ACO7 (4)

where A is the surface area, CO is the density of the penetrating species at

the glass surface, and D is the diffusion coefficient of the penetrating spe-

cies for the particular glass. The difficulty with Eq. (4) is in obtaining -

precise knowledge of both C0 and D in the lamp application. The density of Rb

at the glass surface certainly depends on the temperature of the Rb reservoir

that controls the Rb vapor pressure in the lamp. However, based on a mathe-

matical model of the discharge lamp1 4 the density of Rb at the lamp wall is

predicted to also be a strong function of the rf drive power applied to the

lamp. Unfortunately, at present it is not possible to model the exact func-

tional dependence of Rb density on lamp drive power. Additionally, the

diffusion coefficients for Rb in the glasses of interest are not well known.

The SIMS analyses that we have performed on various lamps have not provided

detailed enough Information concerning the diffusion coefficients. The best

way, to date, to determine the rate of Rb diffusion into the glass envelope of

a lamp is by performing Rb consumption measurements under the lamp conditions

of interest.

One way to evaluate the rate of Rb consumption in a discharge lamp is to

operate numerous lamps to failure and then postanalyze, typically with either

.. atomic absorption (AA) or neutron activation analysis (NAA), to determine the

initial Rb fill in a lamp. In this manner a Rb consumption rate for a par-

*ticular set of lamp operating conditions can be derived. There are many

21



disadvantages to this procedure, including the enormous amount of time that it

Itakes to generate any information. During the course of work performed in

* support of the GPS program, it was suggested that a differential scanning cal-

- orimeter (DSC) could be used to measure the amount of Rb in a lamp.15  Because

* this technique has proven to be so successful and has significant implications

Ifor future lamp work, the following description is given.

* In DSC, sample and reference objects are both heated such that their temn-

* peratures increase at the same rate. Heating rates are measured in degrees

Celsius per minute. The instrument measures the heat flow, in calories per

- minute, required to maintain this heating rate for both sample and refer-

ence. The difference between these two heat flows is the instrument output,

* which is typically plotted versus time.

L If the sample and reference are identical there will be no differential

signal. Typically, though, the reference is an inert material (e.g., sand)

and the sample is the material of interest. If the sample does not undergo a

phase transition while being heated, the difference signal will be propor-

tional to the difference in heat capacities of the sample and reference. 'This

signal may be electronically nulled out. When the sample undergoes a phase

transition, for example, melting as is the case for Rb, additional heat is

required to maintain its heating rate due to the heat of the phase change.

This Increase In the differential signal will appear as a peak on the dif-

fe rent ial -signal -ve rsus-time /temperature plot. The area under the peak will

equal the additional calories required to melt the sample. After the phase

transition the differential signal will return to a nearly constant value,

again reflecting the difference In heat capacities of the sample and reference

objects. This differential signal may be slightly different from the signal

prior to the phase transition as a result of a change in the sample's heat
capacity.

In the present Rb consumption studies DSC was used to measure the heat

required to melt the Rb contained within a discharge lamp. This heat, when
divided by Rb's heat of fusion, 6.14 cal/g, yields the amount of elemental

22

~ .-.. *. **. .... * p,. . . °



• 7-

Rb. A typical DSC curve is shown in Fig. 5 for a lamp containing approxi-

mately 300 ug of usable, elemental Rb. Depending on the quality of the

calorimeter, sensitivities in the microgram range can easily be realized.

The advantages of the DSC technique for lamp measurements are easily

seen. The DSC measures only elemental Rb, i.e., usable Rb in the lamp. Once

Rb has reacted with the glass or other material, it no longer melts at the

same temperature as metallic Rb, and thus does not contribute to the DSC

signal. DSC can thus be used to monitor the rate of disappearance of the

elemental Rb from the lamp reservoir. The fact that a consumption rate can be

determined for an individual lamp implies that the DSC techniques can poten-

tially be used to monitor quality control in the lamp manufacturing process.

The DSC technique is also nondestructive, unlike AA and can be accomplished in

considerably less time than NAA; 3 to 5 DSC scans of a lamp can be accom-

plished in about an hour, whereas the turnaround time for a lamp on a single

NAA measurement is about 3 to 5 months.

At EG&G, Rb lamp fill measurements are made using a standard Perkin-Elmer

Model DSC-2C Differential Scanning Calorimeter and a Hewlett-Packard Model

3390A Reporting Integrator. The latter instrument gives a numerical reading

of the amount of Rb in a lamp. After an initial calibration, the measurement

process is very straightforward. The most critical aspect is "chasing" the Rb

to a spot on the face of the lamp (see Fig. 6) so that it all makes good ther-

mal contact to one calorimeter pan. A dummy (empty) lamp is placed on the

other pan. A small amount of thermally conductive grease is used between the

faces of the lamps and the pans. Typical repeatability between measurements

is *0.5 ug, both for the same "chase" and when the Rb is redistributed and

rechased into a new spot. Absolute accuracy is dependent on the calibration

procedure and is believed to be about *102. It is the repeatability that is

of most concern for the Rb consumption measurements.
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__ SAMPLE: Rb LAMP 879-3

Rb MASS: 282 jig

cc

J
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*Figure 5. Calorimetric measurement of the Rb content of a Rb lamp. The
differential heat pulse is displayed against temperature f or a
typical Rb lamp measurement. The area under the pulse can be
integrated to determine the total energy that yarn required to melt
the Rb sample and thus determine the elemental Rb content of the
lamp.

24

- °..% % N°..V % 'o.



. -, r---'AI -

Figure 6. Photograph of EG&G lamp shoving Rb metal driven to front face in
preparation for calorimetric measurement. The Rb metal must form
a tight, compact sample to achieve best measurement vith
calorimeter.
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IV. Rb LAMP LIFE INVESTIGATIONS

Over the past several years a number of efforts have been undertaken to

specify the requirements to ensure reliable operation of the Rb discharge

lamp. These studies have included three types of glass: Corning 1720, Schott

8437, and Schott 8436. With the Corning 1720 glass lamps, two different lamp

operating conditions have been studied, corresponding to those used in the

Efratom and EG&G Rb frequency standards, respectively. These lamp conditions

are shown in Table I. Circumstantial evidence1 ,16 indicates that it is

possible to "overfill" a lamp, thereby generating excessive lamp noise.

A possible physical mechanism for such a phenomenon is the displacement of

excess Rb in a lamp by thermal and/or mechanical forces, which produces changes

in light intensity with concomitant frequency instability when the lamp is used

in a Rb clock. A quantitative understanding of Rb consumption allows the lamp

fill to be chosen so as to minimize noise while providing adequate life for

the intended application. The results of the various lamp studies follow.

A. CORNING 1720 GLASS

I. EFRATOM OPERATING CONDITIONS

An extensive effort was undertaken at The Aerospace Corporation to mea-

sure the Rb consumption rates in Efratom-type, Corning 1720 glass lamps using

the calorimetric technique. Lamps of the Efratom design, manufactured both at

Efratom and at Aerospace, were studied. All the lamps were operated in oscil-

lators built by Efratom to ensure that each lamp was subjected to the same rf

drive power. Figure 7 shows typical results of Rb consumption in this kind of

lamp. In Fig. 7 the log of the Rb consumed is plotted versus the log of the

lamp operating time. Rb consumption is measured in units of micrograms; the

lamp operating time is given in hours. Fitting to a linear function on the

log scale yields the power-law relation for Rb consumption in time. For this

particular lamp, the fitting process yielded

0 26M~(t) -lot 0 2  (5)

27

• ~~~.-.v........-.v . -... v...-.................... .-. , ....-. v.. -- -. -"-



. . .

Table I. Comparison of Lamp Operating Conditions

User/Glass Efratom/Corning 17 20a EG&G/Corning 1 720 b Efratom/Schotta

outside diam- 0.9 0.8 1.0
eter (cm)

length (cm) - 1.5 -0.7 1.5

interior surface -4 -2.3 5.1
area (cm2)

operating temperaturec 120 115 120

(0C)

rf frequency 1 100 110 1 100
(MHz)

* rf drive power < 2 0.45 < 2
(W)

aT. C. English and E. Jechart, "Development of A Sapphire Lamp for Use in , -J
Satellite-Borne Atomic Rubidium Clocks," Proceedings, 35th Annual Symposium on
Frequency Control, US Army Electronics Command, Ft. Monmouth, NJ (1981), pp.
637-645. Copies available from Electronic Industries Association, 2001 Eye
Street, NW, Washington, DC 20006.

bw. J. Riley, "A Rubidium Clock for GPS," Proceedings of the 13th Annual

Precise Time and Time Interval Applications and Planning Meeting, Naval
Research Laboratory, Dec. 1-3, 1981, NASA Conference Publication No. 2220,
pp. 609-630.

, CLamp operating temperature is controlled at the base of the lamp. The rest

of the lamp envelope is hotter depending on the rf drive power and the par-
ticular thermal paths associated with the lamp structure. Thermal gradients
along the glass envelope can typically be 30*C or more.
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Figure 7. Typical Rb consumption data for Efratom lamp operated under the
Efratom normal conditions. measurements are denoted by the sm-
bol "W". The solid line is a power-law fit to the data, and the
dashed line represents a fit to the diffusion law [see Eq. (6) in
the text].
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With HRb(t) the mass of Rb consumed in micrograms in a time t, in hours. This

fit is shown as the dashed line in Fig. 7.

Equation (5) is clearly not of the diffusion form given by Eq. (4). Hea-

surements on other lamps yielded other power-law relationships for the amount
of Rb consumed in a specified lamp operating time. These results presented

two difficulties: 1) the power laws that were derived did not have a simple

physical explanation, and 2) each lamp seemed to exhibit its own consumption

law. It was found, however, that all the Rb consumption data could be fit

quite well and quite consistently if one assumed that in addition to simple

diffusion of the Rb into the glass, there was also a mechanism by which a

small amount of Rb was consumed almost instantaneously at the outset of lamp

operation. In this model one predicts the Rb consumption to obey a law of the

form

MRb(t) = R / + B (6)

The first term on the right-hand side of Eq. (6) corresponds to simple diffu-

sion, see Eq. (4), and the second term represents some immediate consumption

of Rb. Fitting the data shown in Fig. 7 to the form of Eq. (6) yields

MRb(t) = 1.09 /t + 24 ug (7)

which is represented by the solid line in Fig. 7. It is not unreasonable to

consider that the Rb could getter some small amount of impurity in the lamp

(see Section II). As long as the amount of the impurity is small and more

impurity does not evolve from the lamp walls as a function of time, this ini-

tial clean-up process in the lamp could take place almost instantaneously.

One feature of this model is that each lamp could have a different quantity of

Rb consumed in the clean-up process. The amount of Rb consumed should depend

on the impurity level in the particular lamp, which in turn should depend to

some extent on the particular processing to which a lamp was subjected during -

its manufactuve.
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Averaging the results from ten lamps, where some individual lamps had

operating times over 10,000 h, the following Rb consumption law for Corning

1720 glass lamps of the Efratom design operated under the normal Efratom con-

ditions, see Table I, was obtained:

MRb(t) = (1.4 * 0.4) it + (18 * 6) u (8)

The factor of approximately 18 vg reflects both the proposed instantaneous

consumption of Rb and the error in the calorimetric measurement. The measure-

ment errors should tend to cancel on the average over ten lamps. Thus the

18 ug is the quantity of Rb that one would expect to see consumed on the

average upon the initial turn-on of this type of lamp.

Previously a life test of Rb lamps constructed out of Corning 1720 glass -

was conducted at Efratom. The test Involved lamps that were operated to

failure and then analyzed using NAA to determine the initial Rb fills. The

results of that study are displayed in Fig. 8. A fit of the data shown in

Fig. 8 to the form of Eq. (6) yields the relation

MRb(t) = (1.45 : 0.1) Ft (9)

which is shown in Fig. 8 as the solid line through the data points. Because

in this test only one consumption point in time per lamp could be acquired,

i.e., total lamp life and initial Rb fill, the second term in Eq. (6) could

not be evaluated for the individual lamps. Since the amount of Rb that may be

instantaneously consumed could be different for each lamp, fitting lamp data

from life tests to the form of Eq. (6) cannot, a priori, be justified. How-

ever, if all the lamps had been processed in a sufficiently identical manner

then one could claim that life test data would yield the same information as

the consumption measurements. In this particular case, the instantaneous

consumption factor seems to have been vanishingly small, implying that the

processing of these lamps was quite good. The fit to this particular life

test data then is sensitive only to the diffusion process. Comparing Eq. (8)

with Eq. (9) shows that there is excellent agreement for the factor describing ,

the rate of diffusion of the Rb into the glass.
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Figure 8. Results of the lamp life test conducted by Efratom for Corning
1720 glass lamps. Each symbol "W" represents a lamp that was

operated to failure. Total operating life Is plotted on the
horizontal axis versus the initial Rb fill of the lamp on the
vertical axis.
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2. EG&G OPERATING CONDITIONS

Studies of Rb consumption, using DSC, in lamps of the EG&G design and

operated under the EG&G normal conditions (see Table I) have been conducted at
both EG&G and at Aerospace. The consumption data exhibited features similar

to that found in the studies conducted with Efratom-type lamps in that power-

law fits to the data yielded time dependences much slower than that of simple

diffusion. Typical consumption data yielded MRb(t) = 3.7t 0"25 . Assuming that

the Rb consumption results from two processes, simple diffusion and rapid,

initial clean-up, provides consistent fits to almost all the data for the EG&G

lamps. The EG&G and Aerospace studies gave essentially the same results, with

the uncertainties in the Aerospace data being somewhat larger due to the

poorer quality of the DSC used for that work.17  Rb consumption in the EG&G

lamp, operated under EG&G normal conditions, can be described by the relation

M b(t) - (0.2 0.05) it + (14 3) ug (10)

In Fig. 9 we show a composite plot of all the Rb consumption data measured at

EG&G. For the sake of clarity, the factor representing the instantaneous Rb

consumption, the factor B in Eq. (6), was determined for each lamp represented

In Fig. 9 and subtracted from the consumption data for each lamp before plot-

ting. The data in Fig. 9 represent Rb consumption through diffusion only.

Each symbol in the figure represents a different lamp. From Eq. (10) it is

seen that the term representing the rapid consumption of Rb in the lamp

appears to be about the same size as that found in the Efratom lamp. This

fact seems to indicate that the phenomenon is inherent in the lamp manufac-

turing process. The fact that the term describing the diffusion of the Rb

into the glass is smaller for the EG&G case compared to that of the Efratom :
case can be readily understood by referring to Eq. (4) and Table I. From

Eq. (4) it is seen that the diffusion term depends on the inner surface area

of the lamp, the density of the Rb at the walls, and the diffusion coefficient

for the glass. Since both types of lamps were made of Corning 1720 glass we

expect the diffusion coefficients to be nearly identical.18 The inner surface

area for the EG&G lamp is seen from Table I to be about a factor of 2 less
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Figure 9. Composite plot of Rb consumption data for EG&G lamps measured at
HOW. Solid line represents a diffusion law fit to the data; see
Eq. (6) in the text. The initial Rb consumption factor vas

* subtracted from the data for each lamp before plotting.
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than that for the Efratom lamp. Additionally, the rf drive power of the EG&G

lamp is about a factor of 2 or 3 smaller than that for the Efratom lamp.

Eckert's lamp model14 would predict the Rb concentration at the walls to be

smaller for the B&G lamp, because the rf drive power is smaller, than for the

Efratom lamp. Thus both factors, the surface area and the rf power, are such

that one would predict a slower Rb consumption rate from diffusion in the &G

lamp than in the Efratom lamp. Unfortunately, Eckert's model14 is not

sufficiently developed for a quantitative comparison to be made between the

results of the consumption/life tests and the model predictions. We believe

that it is clear, however, that the Rb consumption in Corning 1720 glass lamps

is well described by an initial rapid consumption followed by long --.rm simple

diffusion.

B. SCHOTT 8436 GLASS

Rb consumption measurements have been performed for a small sample of

Schott 8436 glass, Efratom-type lamps operated under the Efratom normal condi-

tions. The consumption measurements to date are shown in Fig. 10. The solid

line in Fig. 10 is a fit of the consumption data to the form of Eq. (6). The

resulting Rb consumption law was found to be

MRb(t) - (0.9 * 0.15) Ii 7 (11)

The fit shown in Fig. 8 is noteworthy in that it indicates that the model used

to describe Rb consumption in Corning 1720 glass lamps is valid also for the

Schott 8436 glass lamps. The seemingly lower diffusion rate for the Schott

8436 glass lamps tends to indicate that this glass is slightly more alkali

resistant in the lamp application than the Corning 1720 glass.

C. SCHOTT 8437 GLASS

Schott 8437 glass was used for the lamp envelopes of the early GPS Rb

clocks. The failures of lamps on the early GPS satellites prompted a change

from Schott 8437 glass to Corning 1720 glass for the lamp envelope. However,

it was felt that it would still be important to understand the Rb consumption

phenomenon in the Schott 8437 glass lamps to ensure that the optimal glass

choice had been made.
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Figure 10. Composite plot of Rb consumption in Schott 8436 lamps of the
Efratom design operated under Efratom normal conditions. Each
symbol represents a different lamp. Solid line is a diffusion-law
fit to the data; see Eq. (6) in the text.
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All the envelopes for lamps involved in this particular study were

manufactured by Efratom Elektronic GmBR in Munich, Germany. The low-filled,

short-lived lamps were filled by Efratom California, Inc., for special-purpose

testing at the time of the GPS failures; the other lamps exhibiting long life

were filled in Munich as part of Efratom's regular lamp production and test-

Ing. These particular lamps were manufactured and put into tests before the

technique of calorimetry had been developed to measure initial Rb lamp fill.

Efratom California, Inc., had analyzed lamp life versus lamp fill for the

sample of short-filled lamps by operating the lamps to failure and then using
0

either NAA or AA to determine the initial Rb fill. Some of the normal produc-
tion lamps, i.e., those filled in Munich, however, are still operating after

eight years of almost continuous, nonaccelerated life-testing and thus it was

necessary to determine the amount of Rb that had been consumed during the

operating life to date. For these lamps both the total Rb, i.e., the initial

Rb fill, and the amount of Rb remaining in the reservoir had to be deter-

mined. NAA was used to determine the initial Rb fill, and DSC was used to

measure the Rb mass still in the reservoir.

Owing to the nature of the glass envelope, only the 8 5Rb content in the

lamp can be determined using NAA. Because a nonnatural isotopic fill is used

in the Efratom lamps, a precise determination of the isotopic ratio had to

be made before the total Rb could be determined from the NAA results. A laser

excitation fluorescence technique20 for this measurement was employed that

provided an accuracy of about 4Z on the 8 7Rb/8 5Rb ratio. This ratio then

allowed computation of the total Rb fill from the NAA determination of the

S 8 5Rb content. Error bars were assigned to the 85Rb determination based on the

results of a previous study of the accuracy of NAA.2 1 2 2  The errors quoted

for the total Rb fill in Table II incorporate both the uncertainties in the

isotopic ratio measurement and the assumed inaccuracies in the NAA evalua-

tion. To ensure that there were no systematic effects in the NAA results,

other lamps, not shown in Table II, were included as a check. The Rb fills in

these lamps were known with high accuracies through previous NAA and DSC

measurements. No evidence for any systematic errors in the NAA results was

found.
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Table It. Lamp Measurement Results

Total Rubidium Rubidium Reservoir Rubidium Consumed Operating Time
Lamp No. from NAA (yS) from DSC (tig) (yg) *700 (h)

881-3 397*-k40 300*20 97*45 25 103~

604 184*20 0 184*20 50.6 x 103

613 220*22 0 220*22 57.8 x 103

L 397 221 *21 53 -k 5 169 -k 22 69.4 x 10~

* 400 233*23 30*4 203*-k23 69.4 x 103

633 229* 22 64*5 165* 23 69.4 x 103

718 266 *26 28 -k 2 238 *26 69.4 1 03
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The DSC results are affected by two major error sources: the uncertainty

in the "glass correction" factor23 and the repeatability of a lamp measure-

ment. A glass correction factor is applied to the DSC measurement to account

for perturbations in observed DSC signals due to the lamp's glass envelope.

Lamps Nos. 604 and 613 had failed during their operation and thus we iden-

tically assigned zero to their Rb reservoir contents. For completeness we

verified that the DSC yielded no detectable Rb signal.

We display in Fig. 11 a plot of lamp operating times versus Rb consumed

for all Schott 8437 lamps involved in life testing. In Fig. 11 each point

represents an individual lamp. Points represented by an "W' with no error

bars are lamps that were life tested at Efratom. These lamps were operated

until failure and then were analyzed by either NAA or AA to determine the

initial Rb fill. No error bars are indicated because of insufficient infor-
mation on their analyses. Points for which error bars are displayed represent

those lamps that were analyzed for consumed Rb. There are five points in

Fig. 11 that correspond to lamps that have not failed and thus those points

represent Rb consumed over the operating time of the lamp. One of these lamps

has operated for 25,000 h, and the remainder have operated for about 70,000 h

each.

Rb consumption in lamps with Corning 1720 glass and Schott 8436 glass

envelopes was found to be well understood in terms of diffusion of the Rb into

the glass plus an initial rapid consumption. The life test data from lamps

with Schott 8437 glass envelopes, however, does not definitely support that

model. Although the Schott 8437 life test data do not allow a definite

description based on a single model, they do provide us insight into the

following Rb consumption models.

I. ALKALI INTERDIFFUSION

In some studies of the alkali attack on glass, in particular with Na, it

has been shown that the process of alkali atoms or ions diffusing into the

glass structure is accompanied by a reverse migration of the alkali atoms

already present in the glass.24  Schott 8437 glass has a Na content of about

2% by weight. Under this model, we would expect a one-for-one exchange of Rb
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Figure 11. Rb life/consumption data for Schott 8437 glass lamps. Total oper-
ating times versus either total Rb fills, if lamp has failed, or
consumed Rb, if lamp is still operating, are plotted for a number
of lamps with Schott 8437 glass envelopes.
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for Na during the operation of the lamp. As Na diffused out of the glass

envelope, a Rb-Na amalgam would form. The amalgam would then affect the qual-

ity of the DSC scan since a pure Rb melt would no longer be seen. No effect

like this was observed, which would have been quite pronounced in lamps Nos.

397, 400, 633, 718, and 881-3; consequently, we believe that this process does

not significantly contribute to Rb consumption in these lamps.

2. RUBIDIUM DIFFUSION

Because the data presented in Fig. 11 do not definitely support the model

that we used to describe Rb consumption in Corning 1720 glass and Schott 8436 -

glass lamps, we propose two alternative explanations to describe this data.

a. The "Two-Glass" Model

Assume that the Rb diffusion into the Schott 8437 glass is described by

two different diffusion processes: one that controls the Rb diffusion through

a thin surface layer, and a second process in the bulk of the glass. Under

this model, the thin surface layer controls the rate of Rb consumption in the

short term, and the bulk glass controls the consumption process in the long

term, i.e., after the thin layer has been saturated. In Fig. 12 we re-plot

the Schott 8437 lamp data together with a prediction of Rb consumption under

this "two-glass" model, assuming a diffusion coefficient in the first layer,

with thickness 2.5 pa, of - 1 x 10-14 cm2 /s and for the bulk glass of

5 x 10-16 cm2 /s. The model is seen to fit the data fairly well with

diffusion coefficients that are of the correct order of magnitude. However,

there are no data in the critical transition region, i.e., between 102 and

104 h, and thus the experimental support for this model is weak.

The origin of a two-glass condition in these lamps can be physically

understood in a number of ways. A cleaning process in the manufacture of the

lamp, e.g., an HF or some other rinse, might alter the characteristics of the

glass in a narrow region at the inner surface. Additionally, the plasma could

possibly change the glass properties to some depth. This may be similar to

the brown surface layer that occurs during lamp operation. On the other hand,

we have not seen an analogous phenomenon for the Corning 1720 or Schott 8436 .

glasses. It may be that a similar effect occurs for these lamps, but takes
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Figure 12. Schott 8437 glass lamp data with a fit, solid line, to the two-
glass model of Rb consumption. Inset shows the two different
diffusion regions in the glass: a narrow region characterized by
a relatively large diffusion coefficient for the Rb, and the bulk
glass, which has a lower diffusion coefficient.
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place after a much longer time and thus simply has not been observed yet.

Because we have no information concerning the manufacture of the Schott 8437

lamps, we must present the two-glass model as speculation.

b. Simple Diffusion

In Fig. 13 we display fits of the Schott 8437 lamp data to simple dif- :=

fusion forms. Because the data naturally breaks into two groups-short-lived

lamps, with operating times less than 103 h; and long-lived lamps, with

operating times greater than 104 h-we show two diffusion fits. A possible

explanation is that the data below 103 h result from subjecting the lamp to

some anomalous procedure during manufacture that resulted in a high rate of Rb

consumption. Fitting the long-term data to a simple diffusion form yields

MRb(t) - (0.8 * 0.2) / (12)

In this fit, the initial rapid consumption term given in Eq. (6) was found to

be insignificant and hence was neglected.

The fact that the Rb consumption in both Corning 1720 glass lamps and

Schott 8436 glass lamps is well described by essentially simple diffusion,

makes the short-term lamp life data for the Schott 8437 glass lamps and hence

the two-glass models somewhat suspect. Additionally, lamps for both Schott

glasses exhibited about the same Rb consumption rate in the long term, which

is what one would expect based on the presumed similarities between the two

glasses. More experimental work would be needed to determine whether the

Schott 8437 glass lamps are exhibiting either a different consumption process

or simply a manufacturing anomaly. Finally, whether the two-glass model or

simple diffusion is the correct picture is not critical to long-term lamp life
prediction. In the long term, greater than 103 h, the lamp life predictions, I
derived from the consumption data fits to each model, are seen to converge.
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Figure 13. Schott 8437 glass lamp data fit to diffusion model. Because the
data seemed to break up into two distinct groups, two fits were
performed. Compared with the longer-lived lamps, the short-lived
lamps show a much increased diffusion rate.
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D. SUMMARY OF EMPIRICALLY DERIVED CONSUMPTION LAW S

Rb lamp tests have yielded the following consumption lava for various

lamp conditions:

1. Efratom, Corning 1720 Glass Lamps:

*MRb(t) Z' (1.4 *0.4) rt + B

2. EG&G, Corning 1720 Glass Lamps:

MRb(t) (0.2 *0.05) /t + B

3. Efratom, Schott 8437 Class Lamps (consumption 1aw based on the long-
lived lamps only):

MRb(t) (0.8 *0.2) /t + B

4. Efratom, Schott 8436 Glass Lamps:

M(t) (0.9 + 0.15) / + B-.

The factor B represents the small amount of initial Rb consumption that

we believe occurs in these lamps. This Initial Rb clean-up typically involves

up to 20 ug of Rb. We have at the present time no vay to predict, a priori,-

hov much Rb will be initially consumed in a particular lamp; however, ye think

that any initial consumption much greater than 20 ug most likely indicates an

anomaly In the lamp processing.

The various empirically derived consumption lava show the effects of the

different parameters in Eq. (4). Comparing the Corning 1720 results from

Efratom and EG&G lamps demonstrates the effects of both lamp size and rf drive

pover on Rb consumption. Efratom uses a larger lamp, with greater rf power

than does EG&G. The consumption rate of Rb in the Efratom lamp is conse-

quently higher. The results from the Efratom Schott glass lamps compared vith

those from the Corning 1720 glass lamps seem to indicate that both of the

Schott glasses, at least in the long term, have lover diffusion coefficients

for Rb than does Corning 1720 glass.
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Although the empirically derived consumption laws give strong support for

the validity of Eq. (4), it is not possible at the present time to use Eq. (4)

to derive the Rb consumption rate for an arbitrary set of lamp conditions.

The biggest single problem concerns the exact dependence of the Rb concentra-

tion at the lamp walls on the rf drive power. The analytical model of the rf

discharge is not sufficiently developed to allow more than a qualitative

description of the lamp. Additionally, there are no good measurements of the

Rb diffusion coefficients for the glasses of interest. The consumption mea-

surements thus provide us with the best characterization of lamp life and

reliability.
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V. ACCELERATED LAMP LIFE PROCEDURE/qUALITY CONTROL TESTING25

Accelerated life testing is an extremely useful technique for determining

device reliability. In an accelerated test, the operating life of a device is

compressed by some means into a time much shorter than the normal lifetime.

Performance characteristics can then be monitored for a statistical sampling

of devices, and estimates for the normal reliability of the device can be

made. Equally important is quality control testing to ensure that particular

components have been manufactured properly and will perform according to the

prediction of the statistical sampling. To investigate possible means of

accelerating the life of a discharge lamp, Rb lamps, all of the Efratom design

and constructed out of Corning 1720 glass, were operated under various

temperature and rf drive power conditions. Rb consumption rates were

determined using DSC. Lamp lifetimes for a given initial Rb fill-for this

analysis we arbitrarily used an initial fill of 400 vg of Rb-were then

extrapolated for the specific operating conditions.

The lifetime of Rb discharge lamps is limited by the reaction of Rb vapor

with the glass envelope of the lamp. In this section we show that there is a

good analogy between this type of reaction and the reaction of a gas with a

quiescent liquid. The kinetic theory of the latter type of reaction has been

well developed by Danckwerts, and the same mathematical description may be

applied to the lamps. The theory has some adjustable parameters that may be

used to fit lamp lifetime data, and, therefore, it may be used to predict the

effect of temperature on lifetime and the time dependence of Rb consumption.

While this description of the lamp behavior is simplified and incomplete, it

provides a useful conceptual framework for the further understanding of lamp

behavior and shows the limitations of accelerated lifetime testing.

The traditional picture of glass is that it is simply a liquid of very

" . high viscosity. While this view is now regarded as oversimplified (and we

shall show one way in which it fails), it is very useful as an analogy for

reaction kinetics across a phase boundary. The theory of gas-liquid reactions

has been well developed for certain simplified cases, and we shall apply the
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version given by Danckwerts26 to the reaction of Rb vapor with Corning 1720

glass. The theory gives a physical picture of the nature of the reaction, and

permits the prediction of consumption-versus-time curves as a function of tem-

perature from a limited set of data.

The theory incorporates just two phenomena: diffusion and reaction. In

the version employed here, the diffusion problem is simplified to include only

diffusion in the condensed phase. This is justified because both gas phase

diffusion and the sticking probability of the gas on the surface are suffi-

ciently rapid that the rate of the overall process is not limited by gas pro-

cesses. Thus, in this theory, it is assumed that an arbitrarily thin surface

layer of the condensed phase is in Henry's law equilibrium with the partial

pressure of the gas phase reactant, and that the overall transfer of gas

across the phase boundary is governed by diffusion into, and reaction with,

the condensed phase. The diffusivity of the gas in the condensed phase, the

solubility of the gas, and the reaction rate constant are the parameters

required by the theory, althougb these parameters have different temperature

dependences that must also be included.

The theory predicts that the consumption of gas will vary as the square

root of time if diffusion is the dominant process in the condensed phase, and

that the consumption will vary linearly with time when chemical reaction domi-

nates. In the region where both processes are competing, the theory predicts

an initial square-root-of-time behavior, followed at long times by a linear

behavior. It must be pointed out that the validity of this theory rests on

the assumption that there are no glass saturation effects. While this is a

very good approximation for Rb, it would not be as good for more rapidly

reacting species such as Na. Once the reaction between the Na and glass has

saturated, consumption will change from linear to square root, implying a

diffusion-limited process.

In the case of the Rb plus glass reaction, we have experimentally shown

the consumption of Rb to have a square-root-of-time dependence at low temper-

atures and a linear time dependence at high temperatures. This implies that "

chemical reaction does not set in until high temperatures are reached, and
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therefore, the chemical reaction has a low pre-exponential factor and a high

activation energy. The pattern of diffusion at low temperatures and reaction

at high temperatures has been seen for other alkali metal plus glass

reactions.
27 ,28

We will follow the nomenclature used by Danckwerts26 with some minor

simplifications. The equation for diffusion and reaction in a condensed phase

is

2
D da da + ka (13)

dx

where D is the diffusivity of the gas in the condensed phase, a is the concen-

tration of gas in the condensed phase, x is the distance from the surface, and

k is the first-order chemical reaction rate constant. The boundary conditions

are

a A, x -O, t < 0 (14a)

a 0, x > O, t 0 (14b)

a 0, x , t > 0 (14c)

where A* is the concentration of the gas right at the surface, given by

Henry's law and assuming equilibrium with the partial pressure of gas present

in the bulk gas phase. The solution to this equation with these boundary

conditions is

D 1D)/2 1 )1/2 ,kt 1/2-ktl

Q -A ()/ [(kt + -j) erf (kt) + e) lIekt (15)

where Q is the integrated consumption of gas, in moles per square centimeter

of surface, t is the time, and erf is the error function. The exact solution

is plotted in dimensionless form in Fig. 14. For times shorter than those

shown in the figure, the consumption is a function of the square root of time:
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(Dt 1/2.-.
2A* lI" , kt « 1 (16)

For times longer than those shown in the figure, the consumption has a linear

relation with time:

Q A (Dk)/t, kt >> 1 (17)

All intermediate values must be read off the dimensionless figure. The two

approximate solutions may be used for fitting experimental data, with the

short time form approximating little chemical reaction and the long time form

approximating rapid chemical reaction.

Three parameters are required by the theory: A*, the concentration of

dissolved gas at the surface; D, the diffusivity of gas in the condensed

phase; and k, the first-order reaction rate constant.

For the value of A*, we have found no direct measurements for Rb in the

glass of interest, Corning 1720. In these experiments, the Rb vapor pressure

is held more or less constant at 2 x 10-3 Torr, which is the equilibrium vapor

pressure at 135°C. Our estimate for A* is made by analogy with the solubility

of Na vapor in glass, which Is typically 2 wtZ for glasses at 300 to 400*C in

equilibrium with Na at that temperature.29 ,30  For a glass of density of

2.6 g/cm3 , this corresponds to two moles (2 H) of Na metal per liter of

glass. We have arbitrarily assigned the same molar concentration to Rb in our

glass. Two moles per liter gives

A* = 2 x 10 -  N/cm3  (18)

Clearly, the two systems are not the same. The only justification for this

choice of A* is that the 2 M figure seems to be constant for a wide range of

conditions.

For the diffusivity, we use values obtained experimentally from the sur-

face analyses, as described in Section 1I. For a liquid there is an inverse

26relationship between viscosity and diffusivity; however, that relationship
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was empirically found not to hold for this glass over the entire temperature

range of interest. The failure of the empirically determined diffusivity to

follow the viscosity shows that the glass-liquid analogy fails in at least

this aspect, but this failure need not invalidate the model.

The chemical reaction rate is the most arbitrary of the three param-

eters. We have treated the rate constant and its temperature dependence as

adjustable, and fit them to two points on the high-temperature end of the lamp

lifetime data. High-temperature lamp lifetime data were obtained by operating

lamps both at high temperature but with no rf discharge, and at high rf dis-

charge powers. Lamps operated under high rf power were found to achieve high

envelope temperatures as a result of rf heating effects. Lamp drive powers of

5 and 10 W resulted in lamp temperatures of 200 and 300*C, respectively.

Because there was no way to separate rf and temperature effects in this model,

we simply lumped all the data together, characterizing each lamp by some tem-

perature. Although not entirely correct, it is not totally unreasonable to

think that each lamp might have a characteristic temperature that would allow

Rb consumption to be appropriately described by the combined effects on dif-

fusion and reaction. The constant so obtained is

13 1-6OO l(9k =1.6 x101 exp (-_1 -00 (19) '

Alkali metals are not thermodynamically capable of reducing pure silica to

*. give Si plus a metal oxide, but they are able to produce more alkaline glasses

"*. and Si:28

4Na + 3 Na Si 05  5Na SiO3 + Si, AG -98.6 kcal (20)

Rb is very likely to exhibit this same kind of reaction, although the free

energy change will probably be different. This kind of reaction may continue

until 2.0 wt% metal has been absorbed. Thus, the reactivity exceeds the solu-

bility-a feature required by the solutions to the theory. The exact nature

of the reaction and its thermodynamics are not required by the theory,

however.

52

*:;... - ... %::-.:.,K:~':,,.:.S.N-:. ,...;.K : -, .. • . .- .. .. • . *.. . .. .. j



In Fig. 15 the actual lamp lifetimes as a function of temperature are

given. The solid curve is the exact solution to the theory when employing the

parameters chosen in the previous section. A lamp lifetime is defined for

this analysis as the time required for a lamp to consume 400 ug of Rb, and in

many cases, this was determined by extrapolation. Using the internal surface

area of an Efratom lamp we find that this lifetime corresponds to

Q = 1.18 x 10-16 H/cm 2  (21)

Although the data shown in Fig. 15 have a good deal of scatter about the fit

line, we believe that the qualitative agreement between the data and the model

is quite good. The scatter is due at least in part to the uncertainties in

the temperature measurements and a possible inhomogeneity of the lamp envelope

temperature. Figure 15 indicates that the reaction process between the Rb and

the glass starts to become important above 200°C. To properly accelerate the

life of the discharge lamp, i.e., increase the rate of Rb consumption without

changing the primary consumption mechanism, lamps' temperatures must remain

below 200@C. Referring to Fig. 15 one can see that the model predicts a maxi-

mum lamp life compression of about a factor of 2 for a temperature limit of

200°C. A factor of 2 is certainly not adequate, especially when lamp life-

times of many years are desired. It is doubtful that even with an iiproved

model the conclusion that lamp life acceleration is severely restricted would

be altered.

Despite the fact that a lamp life acceleration technique does not appear

to be feasible, it should be possible using the 0SC technique to verify the

quality of a lamp and ensure its reliability. In all cases, with the possible

exception of the Schott 8437 glass lamps, Rb consumption was found to obey

relation (6):

MRb(t) -R/ + B
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Figure 15. Extrapolated Rb lamp lifetime versus lamp temperature for lamps of
the Efratom design constructed out of Corning 1720 glass. Rb lamp
lifetime here is arbitrarily defined to be the time It takes a
lamp to consume 400 pg. Solid line Is model prediction based on
some adjustable parameters. Above 200*C the Rb consumption pro-
cess is seen to change from diffusion to reaction. This change
severely limits the degree to which lamp failure my be
accelerated.

54



... . . -.-. 

The factor R is dependent on the particular lamp conditions. Once this factor .

is established it can be used as a guide to Judge the quality of all subse-

quently manufactured lamps. Specifically, one can measure Rb consumption in a

lamp over its first 1000 h (- one month) and uniquely determine its consump-

tion law, i.e., the factors R and B can be found for a particular lamp.

Comparing the consumption law obtained for a specific lamp with the general

consumption law obtained in a more extensive study of lamps under the

particular operating conditions will allow one to determine whether that

particular lamp is behaving normally or had been subject to any processing

anomalies. Because lamp failure is due primarily to the deterministic, pre-

dictable phenomenon of diffusion of Rb into the glass walls of the lamp and is

not statistical in nature, it is sufficient to know that a particular lamp has

been properly manufactured to predict its lifetime, once the general law for

Rb consumption for that type of lamp has been determined. The screening of a

rubidium lamp therefore involves (1) visual inspection for dimensional toler-

ances and processing defects, (2) measurement of Rb fill for compliance with

limits set with regard to life and noise, and (3) burn-in with calorimetric

*- determination of Rb consumption. Fxperience has shown that defective lamps

,* have either (I) obvious defects, (2) improper fill, or (3) rapid Rb consump-

. tion (not necessarily obeying the /- law). An accelerated life test would be

useful to establish lamp consumption laws under different conditions in a

minimum amount of time, but an accelerated test is not required to ensure

reliable lamp operation under previously tested conditions.
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VI. SUMMARY

Extensive studies have been conducted on the reliability of the Rb dis-

charge lamp under a limited set of different operating conditions. Under

conditions in which this lamp Is typically used, the primary life-limiting

process was identified to be the diffusion of the Rb atoms Into the glass

envelope. Because the diffusion of Rb into the glass is completely determi-

nistic, the lamp lifetime can be specified in principle by knowing the initial

Rb content and the lamp operating conditions. The reliability of a particular

lamp can be ensured by using the DSC technique to identify the presence of any

anomalies in the rate of Rb consumption for a particular lamp. With adequate

manufacturing procedure and careful initial lamp testing, lamp lifetimes in

excess of ten years can easily be guaranteed. This type of reliability makes

these lamps well suited for use in Rb atomic frequency standards designed for

use in satellite applications.
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LABORATOR" OPEATIONS

The Laboratory Operations of The Aerospace Corporation to conducting

experimental and theoretical investigations necessary for the evaluation and

application of scientific advances to mv military space systems. Versatility

and flexibility have been developed to a high degree by the laboratory person-

net in dealing with the many problems encountered in the nation's rapidly

developing space systems. Expertise in the latest scientific developments ts

vital to the accomplishment of tasks related to these problems. Th labora-

tories that contribute to this research are:

Tt~ohsicsgLaboratory: aunch vehicle and reentry fluid mechanics, heat
transferaWflight dynamic*; chemical and electric propulsion, propellant
chemistry, environmental hazards, trace detection; spacecraft structural
mechanics, contamination, thermal and structural control; high temperature
thermoschanics, gas kinetics and radiation; cw and pulsed laser development
including chemical kinetics, spectroscopy, optical resonators, bean control,
atmospheric propagation, laser effects and countermasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atm-

spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
laser optaslectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materials, lubrication and surface phenomena,
thermionic emission, photosensitive materials and detectors, atomic frequency
standards, and environmental chemistry,

Electronice bsesrch Laboratory: Mcroelectronics, Ca"a low noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, ider, and electro-
optics; communication sciences, applied electronics, semiconductor crystal and
device physics, radiometric Imaging; millimeter mave, microwave technology,
and 37 system research.

Information Sciences Research Office: Program verification, program
translation, performance-sensitive system design, distributed architectures
for spaceborne computers, fault-tolerant computer systems, artificial intel-
ligence and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: mtat
matrix coposites, polymers, and new form of carbon; nondestructive evalua-
tion, component failure analysis and reliability; fracture echanics and
stress corrosion; analysis and evaluation of materials at cryogenic and
elevated temperatures as well as in space and enemy-induced environments.

Space Sciences aboratory: lagnetospheric, auroral and cosmic ray phys-
ice, 1ve-pat.cla interactions, mgntosphertc plasma waves; atmospheric and

ionospheric physics, density and composition of the upper atmosphere, remote
seising using atmospheric radiatiod; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic @tocus and

nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effect@ of electromagnetic and particulate radiations on space systems; spaes
Instrumentation.
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